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In this issue of Biophysical Journal,
Thon et al. (1) investigate hyperpolar-
ization- and cyclic nucleotide-activated
(HCN) channels at the single-molecule
level. The dual modulation of HCN
channels is in itself an interesting
research issue (2), but previous
single-molecule studies have reported
some additional nontraditional features
with frequent disagreement between
research teams. In light of the uncon-
ventional and disputed reports, Thon
et al. (1) recognized the need for studies
dedicated to careful examination of true
single-channel recordings, as distinct
from (and compared to) single-chan-
nel-resolution recordingswhere unitary
events can be resolved but more than
one channel is active. With the new
findings, we can revisit some of the
oddities under debate.
Using frog oocytes as the expression
host, Thon et al. (1) obtained true sin-
gle-channel recordings from HCN2 in
excised membrane patches. Isolating
single molecules rather than clusters
of multiple molecules requires special
attention for any biophysical system,
but with excised patches of HCN chan-
nels there are some additional mind-
numbing obstacles involved. After
you find (with luck) and excise a rare
membrane patch containing exactly
one HCN channel, you sit for anxious
minutes doing nothing while rundown
proceeds, so that ephemeral cellular
factors can be washed out. Not every
patch will survive this wait; if it does,
then to open the slowly activatinghttp://dx.doi.org/10.1016/j.bpj.2013.08.028
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seconds of a hyperpolarized voltage
that typically degrades the patch
seal quality. Put it out of your head
that one single-HCN-channel patch
will ever give you the dozens of
single-molecule activation trials that
are typical for depolarization-gated
voltage-gated channels with milli-
second activation.
Unitary conductances ranging from
35 to 0.7 pS have been reported for
HCN channels (see the references in
Thon et al. (1)). A unitary conductance
of 1 pS or less is smaller than that of
the small-conductance SK channel,
tinier than that of the tiny-conductance
T-type calcium channel, and one could
say it is off the chart (yes, there really
is a chart, in Hille’s venerable volume
(3), and it reaches only down to 2
pS). Thon et al. agree with those who
find very small conductance; here the
observed unitary current amplitude is
smaller indeed than the peak-to-peak
noise level of the baseline current
(see their Fig. 2). Luckily, the small
stepwise changes in the mean current
level can be convincingly identified
even by visual inspection because the
residency times in closed and open
states are rather long...more on that
later!
What produces such a miniscule
conductance? The ion selectivity filter
that is a signature of the K-channel
superfamily can be mispositioned de-
pending on interactions with the per-
meant ion or with other amino acids
in the pore, resulting in a collapse of
conduction (4). Homology modeling
shows fewer H-bonds stabilizing the
HCN channel’s filter in comparison
with classical K channels (5), suggest-
ing increased plasticity of selectivity
filter structure. This might account
for variation in reported conductances
if filter structure is highly sensitive to
differences in biogenesis or experi-
mental conditions.
Now for those state lifetimes:
Michels et al. (6) reported flickery
millisecond-scale open lifetimes for
HCN channels. In sharp contrast, thekinetics seen by Thon et al. are decid-
edly slow. The latency before first
opening (presumably transitioning
through several closed states as
voltage-sensors activate) is in the hun-
dreds of milliseconds for strong hyper-
polarizations, and extends to >1 s for
weak hyperpolarizations. The open
state lifetimes often exceeded the 7-s
hyperpolarization pulses; Thon et al.
did not dare try pushing it further.
It will be fruitful in the future to
test how open state lifetimes decrease
after a return to weakly depolarized
voltages: HCN channels are believed
to have a hysteretic activation-deacti-
vation cycle, including a voltage-inde-
pendent mode-shift into secondary
open states with different lifetimes
(7,8).
Conflicts over conductance and life-
times are just about numeric values,
but more gravely it has been suggested
that HCN channels violate a key
assumption that motivates single-
molecule studies: individual channels
in a population should act indepen-
dently. Nonstationary fluctuation anal-
ysis of multichannel recordings (9)
showed that the current variance
increased steeply with mean current,
too steeply to match the observed
amplitude of unitary currents. This
suggested that opening events of
different HCN channels within a patch
were temporally correlated. Although
this argument makes sense, it uses an
indirect measure depending on an attri-
bution of the sources of variance, and
thus it can never be as intuitive or
simple as placing the recording of
putatively correlated channels side-
by-side with a control recording
derived from independent channels.
This direct comparison becomes
possible with true single-channel re-
cordings that can be summed to simu-
late an independent ensemble. For the
data of Michels et al. (6), the ensemble
showed an onset of current far faster
than that seen in multichannel
1550 Youngrecordings. However, for Thon
et al., the ensemble traces do closely
resemble multichannel recordings in
shape, which is consistent with the in-
dependence assumption that we know
and love. Must we turn again to differ-
ences in expression hosts to explain
the discrepancies? This is getting
tiresome!
Thon et al. push hyperpolarization
to 150 mV but find that without
cAMP bound, open probability (PO)
still reaches only 94%; it is hard to say
if the PO would or would not continue
increasing with more hyperpolar-
ization. This is important because a
voltage-independent gate-opening step
has been proposed, based on a quite
low 75% for the maximal PO without
cAMP (10). The two conflicting values
for maximal PO were derived from the
sameHCN2 subtype in the same oocyte
expression system. Could the relatively
potentiated channels seen by Thon et al.
indicate a different level of cellular
factors remaining even after waiting
for rundown? Meaning, might an extra
five- or ten-minute wait make a huge
difference?
After making so many excuses for
discrepancies based on experimentalBiophysical Journal 105(7) 1549–1550vagaries, we must ask: Which single
HCN channel are we all trying to
describe? The physiologist wants to
understand the HCN channels found
in native tissues, with complex hetero-
meric composition (2). In contrast,
many biophysicists value HCN chan-
nels as an opportunity to study general
mechanistic questions important for all
ion channels: What makes a unitary
conductance high or low? What struc-
tures work to stabilize an open state,
and to make gate-closure either
voltage-dependent or voltage-indepen-
dent? The structure-function studies of
these issues require a well-defined
experimental system. Thus, regardless
of what happens with other cell types,
we should be relieved that Thon et al.
have found at least one experimental
platform where properties of single
HCN channels can be analyzed based
on a manageable theoretical frame-
work and a firm foundation of direct
observations.REFERENCES
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